Phylogeography of Diplodus sargus from the northeastern Atlantic and the Mediterranean was assessed using sequences from the mitochondrial control region and the first intron of the S7 ribosomal protein gene. The relationship between genetic and geographic distances supported an isolation by distance model, with the Azores having a peripheral position. The geographic distribution of the genetic diversity, together with the historical demography of the populations studied can be explained by the effect of the Pleistocene glaciations in the northeastern Atlantic warm water fauna. D. sargus might have disappeared from western Europe during glacial peaks and suffered considerable demographic reductions in the Canaries and Mauritania, surviving in less affected areas such as Madeira, Azores and the Mediterranean. The mismatch analysis and the Fu's Fs values provide clear evidence of expansion in western Iberia (S. Pedro), Canaries, Mauritania and also in the eastern Mediterranean. Atlantic and Mediterranean populations of D. sargus showed no signs of genetic differentiation. D. sargus are active swimmers that can undergo extensive movements along the shores. This and the presence of planktonic eggs and larvae would allow rapid mixing between Mediterranean and Atlantic fish, erasing signs of population differentiation.
Introduction
Diplodus sargus is an Atlantic-Mediterranean species complex belonging to the family Sparidae, with only one subspecies living out of this area. The complex includes six subspecies: D. s. sargus in the Mediterranean and Black Sea; D. s. cadenati in the eastern Atlantic (from the Bay of Biscay to Senegal including the islands of the Azores, Madeira and Canaries); D. s lineatus which is endemic to Cape Verde islands; D. s. helenae in St. Helena island; D. s ascensionis in Ascension island; and D. s. kotschyi from the Persian Gulf and northern Indian Ocean. Another subspecies of the complex, Diplodus sargus capensis, which occurs from Angola to Mozambique and southern Madagascar, has been recently considered a species (Diplodus capensis) by Heemstra and Heemstra (2004) .
The diversification of D. sargus seems to have resulted from a rapid series of colonization events originated in the eastern Atlantic, which is supported by morphological (De la Paz et al., 1973) and molecular (Summerer et al., 2001) phylogenies.
Like other Sparids, D. sargus has commercial value and is of great interest for aquaculture. Young are euryhaline, entering brackish waters and lagoons in the spring. The adults can be found in a diverse range of habitats, including coastal rocky reefs, sandy bottoms, and seagrass beds (Posidonia oceanica in the Mediterranean). They congregate in schools of 5-50 individuals, feeding on polychaetes, mollusks and sea urchins pers observ.) . D. sargus are non-guarders and have pelagic eggs and larvae. Bargelloni et al. (2005) assessed the extent of genetic differentiation of D. sargus in the Mediterranean including a sample from the Atlantic immediately outside of the Gibraltar Strait. Results, based on the analysis of allozymes and a fragment of the mitochondrial control region, showed lack of population structure and no appreciable genetic differences between the Mediterranean and Atlantic samples. A molecular phylogeny by Summerer et al. (2001) yielded similar results.
Although the Mediterranean populations of D. sargus have been studied, little is known about the distribution of genetic variability within the Atlantic. The northeastern Atlantic has experienced severe climatic and sea level fluctuations during the Pleistocene glaciations (Briggs, 1996; Adams et al., 1999) . Current research suggests that these glaciation events were very influential in shaping patterns of genetic variability and the geographic distribution of marine fauna from this region (Almada et al., 2001; Domingues et al., 2006 Domingues et al., , 2007 Stefanni et al., 2006) . The warm-water fauna of the most affected regions like the western coast of Europe and, to some extent, the Azores and Canaries islands (Crowley, 1981; Dias et al., 1997 ) must have not survived in those regions. Most of the organisms now present would have recolonized these areas after the glaciating events from some southern regions such as Madeira, the western African tropical coast, or the Mediterranean (Briggs, 1974; Miller, 1984; Santos et al., 1995) .
Previous phylogeographic and phylogenetic studies of warm water benthic fish of the northeastern Atlantic (Chromis limbata, Domingues et al., 2006; Tripterygion delaisi, Domingues et al., 2007) showed that the postglacial recolonization followed two routes: fish reached the Azores from Madeira, which in turn is connected to the western African coast, while the southwestern European shores were colonized from Mediterranean refugia. On the contrary, a study on Liphophris pholis, a benthic fish more tolerant to cooler waters, showed a high level of differentiation for the Azorean population, strongly suggesting that it survived the modest sea cooling of the Azores during the glaciations (Stefanni et al., 2006) .
In this paper we tested the hypothesis that the relationships among the populations of D. sargus follow a pattern characterized by isolation by distance combined with substantial gene flow among populations. This hypothesis stems from the following features of D. sargus: 1) the species is benthopelagic and not benthic, which means that, dispersal is achieved not only by eggs and larvae but also by adults that can move to depths much greater (deeper than 50 m in the Atlantic, Bauchot and Hureau, 1986) than those tolerated by the species included in the studies mentioned above; 2) judging from the present day distribution of the species, it must have survived the drops in sea surface temperatures estimated for Mauritania, Madeira and the Azores (Crowley, 1981) and the Mediterranean (Thiede, 1978) having became extinct in the Atlantic shores of western Europe (Dias et al., 1997) and perhaps in the further eastern islands of the Canaries (Crowley, 1981) .
In this study we focus on the phylogeography of D. sargus covering eastern and western Mediterranean, and the northeastern Atlantic including the Azores, Madeira and Canaries archipelagos and also the Portuguese and Mauritanian coasts. Sequences from a fragment of the mitochondrial control region and the 1st intron of S7 ribossomal protein gene were obtained and genetic diversities, gene flow levels and historical demography of the populations were determined. Results were interpreted in light of palaeoclimatic events, contemporary oceanic current patterns and the ecology of the species.
Materials and methods

Sample collection and laboratorial procedures
Individuals of D. sargus were obtained from five locations in the Atlantic and six locations in the Mediterranean ( Fig. 1 and Table 1 ). Additionally, one individual of Diplodus vulgaris was collected from São Pedro and used as outgroup. Fish were collected by spear fishing while scuba diving, by line fishing or with hand nets in tide pools. Sampled individuals were nonspawning adults. Fin clips were cut immediately after collection of the individuals and stored at ambient temperature in 95% ethanol. Total genomic DNA was extracted by SDS proteinase K procedure and purified by standard chloroform and isopropanol precipitation (Sambrook et al., 1989) . Amplification of the 5′ hypervariable portion of the mitochondrial control region (also called D-loop) was accomplished with universal primers L-Pro1 and H-DL1 (Ostellari et al., 1996) , and used a cycling profile of 1 min at 92°C, 1 min at 50°C, 1 min at 72°C, for 30 cycles. Each 13 μl reaction contained 5-50 ng of DNA, 10 mM Tris HCL (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 1.25 u of Taq DNA polymerase (Perkin-Elmer, Norwalk, Conn.), 150 mM of each dNTP, and 0.3 mM of each primer.
In addition, we amplified and sequenced the first intron of the S7 ribosomal protein gene, using the primers S7RPEX1F and S7RPEX2R (Chow and Hazama, 1998) and an annealing temperature of 56°C. PCR amplification was performed as described for the mitochondrial control region. After purification following the manufacturer's protocol (Applied Biosystems, Forter City, CA), direct sequencing was performed with an ABI 3100 automated sequencer (Applied Biosystems).
Data analysis
Mitochondrial control region
Sample size was increased with two mitochondrial control region sequences of Diplodus sargus sargus from Calvi (France) and two sequences of D. s. cadenati from Agadir (Morocco) available in GenBank (Accession numbers: AF365348 AF365349 AF365350 AF365351).
Sequences were aligned using the CLUSTAL V (Higgins et al., 1991) implemented by Sequence Navigator (Applied Biosystems). Gaps were not included in the analyses. Population diversity indexes (number of haplotypes, haplotype and nucleotide diversities, pdistances and % of private haplotypes) were calculated using the software package ARLEQUIN (vers. 2.000; Schneider et al., 2000) . Table 1 .
Phylogenetic relationships between individuals were assessed using Maximum Parsimony (Farris, 1970) and Neighbor-Joining (Saitou and Nei, 1987) using D. vulgaris as outgroup. As we were dealing with very closely related species, with small genetic distances, we adopted the Uncorrected p-distance following Nei and Kumar (2000) . Both methods were implemented by the software package PAUP (vers. 4.0; Swofford, 1998). Topological confidence was evaluated for Maximum Parsimony and Neighbor-Joining with 1000 bootstrap replicates (Felsenstein, 1985) . Uncorrected p-distances for all the populations were estimated and visualized using a multidimensional scaling analysis performed in STATISTICA (version 7.1; Statsoft Inc.).
Gene flow (Fst) was estimated using ARLEQUIN (vers. 2.000; Schneider et al., 2000) . Pairwise comparisons were estimated for the populations with similar sample sizes. Samples from the three Greek islands (Kea, Sifnos and Andros) were analyzed together since they are geographically very close. Corrections for simultaneous multiple comparisons were applied using sequential Bonferroni correction (Rice, 1989) . Population structure was assessed by an analysis of molecular variance (AMOVA; Excoffier et al., 1997) implemented in ARLEQUIN (vers. 2.000; Schneider et al., 2000) . To test for isolation by distance (IBD) we applied the Mantel test (Mantel, 1967) to two matrices, Fst values and log geographical distances in Km between localities. We used IBD 1.4 (Bohonak, 2002) to perform the Mantel test, using 1000 replicates to test significance.
The historical demography of each population was examined using mismatch distributions analysis performed in ARLEQUIN (vers. 2.000; Schneider et al., 2000) . Theoretical studies have shown that populations in long stable demographic equilibrium show a chaotic mismatch distribution, while recent rapid population expansions or bottlenecks are reflected in a unimodal (approximately Poisson) profile (Rogers, 1995; Rogers and Harpending, 1992) . Mismatch distributions were established and their fit to Poisson distributions was assessed by Monte Carlo simulations of 1000 random samples. The sum of square deviations (SSD) between observed and expected mismatch distributions was used as a test statistics, its P value representing the probability of obtaining a simulated SSD larger or equal to the observed one (Schneider and Excoffier, 1999) . In addition Fu's Fs neutrality test (Fu, 1997) was used to detect possible population expansions.
First intron of the S7 ribosomal protein gene
Sequences were aligned using the CLUSTAL V implemented by Sequence Navigator (Applied Biosystems). Heterozygous positions could not be ascribed to each sequence of each individual. Thus, we scored and converted those positions into a codominant genetic marker dataset. Linkage disequilibrium was tested using the program GENETIX 4.04 (Belkhir et al., 1996 (Belkhir et al., -2004 and only unlinked loci were used in subsequent analyses. Samples from the Mediterranean were analyzed in two populations: western Mediterranean (Barcelona and Naples) and eastern Mediterranean (Greek islands). Gene diversity, allelic frequencies, observed and expected heterozygosity and exact probability tests for deviations from Hardy-Weinberg equilibrium (HWE) were performed using the same program. All tests were conducted using 1000 permutations. The proportion of shared alleles (Ps) for pairs of populations was calculated as the number of shared alleles summed over loci divided by twice the number of loci, as in Bowcock et al. (1994) . A genetic distance matrix between pairs of populations was obtained by-ln (Ps). UPGMA cluster analysis was conducted using the PHYLIP software package (Felsenstein, 1989) .
Fst, population structure and isolation by distance were estimated using the same procedures as for the mitochondrial control region fragment.
Results
Genetic diversity and phylogenetic analysis
Mitochondrial control region
A total of 143 D. sargus mitochondrial control region sequences were obtained (GenBank Accession numbers: EF468518-EF468623). Fragments were 385 bp long. All populations showed high genetic diversity (Table 1) . Phylogenetic trees recovered using Maximum Parsimony and Neighbor-Joining yielded similar topologies (Fig. 2) . The phylogenetic trees showed no partition between Atlantic and Mediterranean populations of D. sargus. Four haplotypes (H5, H9, H10 and H11; Fig. 2) were shared between the Atlantic and Mediterranean and samples from both regions grouped together. Clades containing haplotypes from only one region showed very low bootstraps values.
First intron of the S7 ribosomal protein gene
The first intron of the S7 ribosomal protein gene was amplified for a total of 127 individuals (GenBank Accession numbers: EF467669-EF467796). A total of 308 bp were successively sequenced. Individuals differed only in base frequencies in heterozygous positions. A total of 47 polymorphic positions were found. As we could not ascribe the two alleles of heterozygous positions to one of the sequences of each individual, we used those positions as a dataset of codominant genetic markers. After eliminating loci that were shown to be linked, our dataset was represented by 13 loci. Allelic frequencies of these 13 loci are shown in Table 2 . None of the loci showed deviations from Hardy-Weinberg equilibrium. Gene diversities estimated based on the 13 loci are also shown in Table 2 . The Azores appears as the least genetically diverse population.
Population structure
The relationship across populations based on the genetic distances calculated for the mitochondrial control region can be visualized in the form of a multidimensional scaling plot (Fig. 3) . This plot shows the Azores as the most differentiated population. The UPGMA tree built using the distance based on the proportion of S7 intron shared alleles (Fig. 4 ) also shows the Azores as a more differentiated population.
Gene flow was high between all the populations (Table 3) . Fst estimates, based on the mitochondrial control region sequences, between the Azores and all the other population were higher than all other pairwise comparisons, suggesting the Azores as the most isolated population. Fst values between Atlantic and Mediterranean populations also yielded significant values. The isolation of the Azores and Mediterranean is not shown by the Fst values estimated from the S7 data. Indeed, this marker yielded very low and not significant Fst values for all pairwise comparisons except for Azores versus the Greek islands. To assess the existence of population structure within D. sargus we applied an AMOVA analysis. Additionally, to evaluate the differentiation between Atlantic and Mediterranean we applied an AMOVA grouping population into Atlantic and Mediterranean groups. Results showed lack of population structure for D. sargus. In both cases, a high percentage of the variance in the data derived from within-population variance (Table 4) . Only a very small percentage of the data variance was attributable to the separation of Atlantic and Mediterranean populations and, in the case of D-loop, this value was very similar to the variance among populations within each group Table 1 . The length of each branch is proportional to the number of nucleotide substitutions. Scale bar: 1% uncorrected p genetic distance.
( Table 4 ). The IBD test showed a significant correlation between Fst and log geographical distances (r 2 = 0.542 and 0.688; P = 0.018 and 0.011 for D-loop and S7 respectively), pointing to the existence of genetic isolation by geographic distance.
Historical demography
Mismatch distributions based on the mitochondrial control region sequences were estimated (Fig. 5) and SSD tests were performed (Table 5 ). The model of sudden expansion was only rejected for the Azores and Barcelona, although visual inspection of the mismatch distribution show a unimodal profile for the later population. P values for Madeira were close to the limit of rejection. Fu's Fs values were significantly negative for all the populations except for the Azores and Madeira.
Estimates of expansion parameter τ were similar for all the populations. This parameter is equal to 2tμ, Frequencies are shown for the 13 unliked loci used in the study. Labels are described in Table 1. where t is the time of the expansion and μ is the mutation rate. Thus, population expansion occurred at approximately the same time in all samples. Although estimates of θ are less accurate than τ (Schneider and Excoffier, 1999) , values of θ 0 are similar and very low, suggesting that D. sargus has undergone a bottleneck before the population expansion.
Discussion
Our data confirm the results of other molecular phylogenies (Summerer et al., 2001; Bargelloni et al., 2005) which found no appreciable genetic differences between Atlantic and Mediterranean D. sargus and no evidence supporting the distinction between D. s. cadenati and D. s. sargus. Bargelloni et al. (2005) considered two hypotheses to explain this lack of differentiation. Either D. sargus is a recent immigrant in the Mediterranean or historical bottlenecks and recolonization processes prevented strong differentiation of Atlantic and Mediterranean basins. Our data showed high genetic diversities for the Mediterranean, even in the eastern basin, and lack of clear evidence of population expansion in the western basin. These findings make a recent invasion of the Mediterranean unlikely.
The relationship between genetic and geographic distances supported an isolation by distance model as predicted by the hypothesis outlined in the introduction. If we consider the Fst values and the Uncorrected pdistances for the mitochondrial control region (Table 3 and Fig. 3) , together with the pattern of S7 ribosomal protein gene shared alleles (Fig. 4) a number of features emerge: 1) the peripheral position and low genetic diversity of the Azores; 2) the substantial connection among the Azores, Madeira and Canary islands; and 3) the proximity of western Portugal and the Mediterranean. The same pattern was also described for other species such as Ophioblennius atlanticus (Muss et al., 2001) , Chromis limbata and Tripterygion delaisi (Domingues et al., 2007) .
The Fsts computed from S7 were generally lower than those for the D-loop. This is not surprising since, because mtDNA is haploid and only maternally inherited, mitochondrial genes have a fourfold lower effective population size than the nuclear ones, which makes fixation of mutations much slower in the nuclear genes. The only significant difference was found when comparing the Azores with the Greek islands, which are the most geographically distant sites. Thus, overall our Table 1 for labels. Fig. 4 . Phenogram based on the genetic distance obtained from the proportion of S7 intron shared alleles between Diplodus sargus populations. The phenogram was estimated using the UPGMA cluster analysis. See Table 1 for labels. results provide evidence supporting our hypothesis, specifically suggesting that the Azorean population persisted through the glacial cycles, and that gene flow is probably substantial among populations conforming to a pattern of isolation by distance.
The geographic distribution of the genetic variability shown by our data is easily explained by the paleobiogeographic history of the eastern Atlantic. Briggs (1974) proposed that the severe Pleistocene climatic fluctuations that occurred in the northeastern Atlantic (Adams et al., 1999 ) had a strong impact in the coastal fauna of the region, leading to local extinctions and latitudinal shifts of many taxa. The coasts of Biscay and western Iberia were particularly affected by a very pronounced southern migration of the polar front (Crowley, 1981; Dias et al., 1997) reaching temperatures too low for D. sargus to survive. The sea surface temperatures in the Azores region decreased about 2-3°C (Crowley, 1981) . Such a decline would bring the sea surface temperatures at the Azores to values similar to those prevailing nowadays in western Iberia where D. sargus breeds and grows successfully. Thus, it is unlikely that the Azorean population was eliminated by the glaciations. The archipelago of Madeira, located further south, was even less affected, while the Canaries (at least the eastern islands) were severely affected due to its proximity to the continent and to the influence of upwelling effects (Barton et al., 1998) . The Mauritanian population, being geographically close to the thermal stable tropical coast of Africa must have quickly received fish from the southern refugia after the Pleistocene glaciations and acted later as a source for the northern colonization. Taking this into consideration, recent research suggests that Saharan upwelling filaments are capable of transporting larvae from the African neritic zone into oceanic areas and towards the Canary archipelago (Rodríguez et al., 1999 (Rodríguez et al., , 2004 . Indeed, D. sargus from Madeira and Mauritania showed high genetic diversities and low percentages of private haplotypes (Table 1) . Another region where warm water pockets persisted during the Pleistocene, although in areas much smaller than today, is the Mediterranean (Thiede, 1978) . The mismatch analysis and the Fu's Fs values showed a clear population expansion for the eastern Mediterranean basin (Greek islands), but not for the western basin (Barcelona). The historical demography of D. sargus based on the mitochondrial control region supports the hypothesis outlined above, which assumes that D. sargus disappeared from the Atlantic shores of Europe during glacial peaks and suffered considerable demographic reductions in the Canaries and Mauritania, surviving in Madeira, Azores and in some regions of the Mediterranean. Interestingly, the values of Fu's Fs and SSD only provide clear evidence of expansion in western Iberia (S. Pedro), Canaries, Mauritania and the Greek islands.
The dual pattern of refugia in the western tropical African coast and Madeira and in the Mediterranean, probably explains splits between sister taxa like those between Parablennius parvicornis and P. sanguinolentus (Almada et al., 2005) ; Chromis limbata and C. chromis ; or the forms of Tripterygion delaisi from the oceanic islands and the Mediterranean populations (Domingues et al., 2007) . Why then does D. sargus lack the patterns of population differentiation that seem to be common in other warm water species previously examined? It is important to note that several of the species studied so far were rocky littoral or sub-littoral species that as adults show very restricted movements and are confined to the upper meters of the water column (P. sanguinolentus 1 m, Zander, 1986 ; T. delaisi 3-40 m, Wirtz, 1978; C. limbata 5-45 m, Allen, 1991) . In addition, blennids, tripterygiids and pomacentrids all show male parental care of demersal eggs, meaning that the planktonic phase is restricted to the larval stage. D. sargus spawns planktonic eggs, attains a size that is much larger than the species mentioned above and both juveniles and adults are active swimmers. Although precise data on the extent of their movements could not be found, it is likely that they can undergo extensive movements along the shores, a possibility that is absent for the adults of blenniids and tripterygiids and even probably small pomacentrids like Chromis. This mobility of the adults would allow rapid mixing between Mediterranean and Atlantic fish. On the other hand, not being a strictly benthic fish, D. sargus may have profited, at least occasionally, from the numerous submarine banks and seamounts that have been mapped between the European mainland coast and the Azores archipelago (Kitchingman and Lai, 2004; Kitchingman et al., 2007) . It is known that D. sargus can be found below 50 m in the Atlantic . Several of the seamounts mentioned above reach such depths (eg. Gorringe-40 m, Lagabrielle and Auzende, 1982;  Àmpere-18 m, Josephine-50 m, D. João de Castro-13 m, Cardigos et al., 2005) . With sea level drops of Table 5 Estimated values for the expansion model for each population: SSD (sum of square deviations) and its probability P; θ 0 and θ 1 (compound parameter representing the mutation rate and the female efective population size before and after expansion respectively); and τ (time in generations, upper and lower bounds of 95% CI in parenthesis) Fu's Fs neutrality test and its probability P 120-140 m in the glacial maxima (Lambeck et al., 2002) many of these seamounts were above sea water level, making the number of available stepping stones higher than today. If this interpretation is correct, we expect many other benthopelagic species, especially those with planktonic eggs, to show a less differentiated population structure than the benthic ones, when the Azores and Madeira are compared to southwestern Europe and the Mediterranean. All phylogeographic studies published so far emphasize the strong affinities of the Azorean populations with those of Madeira, Canaries and western Africa. In general, the migratory flow tends to prevail towards the Azores. Santos et al. (1995) and references therein showed that eddies capable of transporting fish, eggs and larvae from Madeira towards the Azores are frequent in the area. This, associated with the probable local extinctions of warmer water species during the glaciations at this archipelago, likely combine to explain the low level of endemism of these islands which have puzzled marine biogeographers for many years (Briggs, 1974) . More studies with different types of organisms with distinct ecology and life histories will help to improve our understanding of the present and past biogeography of the area.
Conclusions
The present work reveals no signs of differentiation between the Atlantic and Mediterranean populations of D. sargus, confirming previous results. Gene flow patterns of the northeastern Atlantic and Mediterranean populations of D. sargus follow an isolation by distance model, with the Azorean being more isolated and less diverse than the other populations. Gene flow seems, however, to be higher than in benthic fishes with demersal eggs studied in the same geographical area. The geographic distribution of the genetic diversity, together with the historical demography of the populations studied can be explained by the effect of the Pleistocene glaciations in the northeastern Atlantic warm water fauna. D. sargus might have disappeared from the Atlantic coast of Europe during glacial peaks and suffered population bottlenecks in the Canaries and Mauritania, surviving in Madeira, Azores and in the Mediterranean.
